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Assuming that a particle source is at rest in a locally non-rotating frame on the equatorial plane
of the Kerr-Sen black hole, we investigate the escape of the massless particle and massive particle
from the black hole to spatial infinity. We calculate the escape probabilities of the emitted particles.
We find that the angular momentum of the Kerr-Sen black hole boosts the escape probabilities near
the horizon of the extreme Kerr-Sen black hole; however the angular momentum of the Kerr-Sen
black hole suppresses the escape probabilities near the horizon of the non-extreme Kerr-Sen black
hole. We also discover that the horizon limit of the Kerr-Sen black hole is not the most difficult
position to escape for a particle in certain conditions.
I. INTRODUCTION
The Penrose process [1], which is well-known as an en-
ergy extraction process from ergosphere of the rotating
black hole by one emitted particle originating from an
initial ingoing one which breaks up, has been developed
into the collisional Penrose process [2] for astrophysical
considerations, as it was pointed out that the process is
unplausible in astrophysics [3]. Generally, there are three
kinds of collisional Penrose process. The first case [4] is
that two (massive or massless) particles fall into the er-
gosphere of the rotating black hole from spatial infinity
at rest and then collide with each other, producing a par-
ticle that can escape to infinity. The second case [5, 6] is
that one particle with an impact parameter greater than
the critical value falls into the black hole from spatial
infinity and then turns around, colliding with the other
ingoing particle. The third case, which is named as the
super Penrose process [7–9], is that two particles take a
head-on collision in the ergosphere of the black hole. In
this process, one of the particles comes from infinity and
the other is a consequence of previous scattering events
(for more discussions on the origination of this outgo-
ing particle, see Refs. [10–13]). The efficiencies of these
processes are quite different, as
ηpenrose ≈ 121% < ηfirst < ηsecond < ηthird →∞. (1)
Besides the (Collisional) Penrose process, another high-
energy event is the Ban˜ados-Silk-West mechanism, which
states that the center-of-mass energy of two test particles
can be arbitrarily high in the condition that the collision
between them happens near the event horizon of the ex-
tremal black hole and the angular momentum and the
energy of one particle follow a critical relation [14–20].
What is more, the observation of the shadow [21–23] of
the black hole depends on the photons that escape from
the black hole.
The observations of the high-energy astrophysical
events and the black hole shadow depend on the massive
∗ mingzhang@jxnu.edu.cn
† Corresponding author, jiejiang@mail.bnu.edu.cn
particle and photons we can observe. Of particular inter-
est is the escape probability of the particle in the strong
gravitational field. Particularly, the escape probability of
the photon determines the brightness of the halo around
the black hole we observe. The escape probability of the
produced particles in the super Penrose process for the
extreme Kerr black hole was studied in [24]. It was shown
that the resulting massless particles with extremely high
energy in the super Penrose process can escape to infinity
with a probability of 5/12 and an impact parameter close
to 2M , where M is the mass of the Kerr black hole. It
motivates our research in this paper. We are interested
in not only the escape probability of the massless pho-
ton but also that of the massive particle. We will study
the observability of the massless and massive particles
emitted from the Kerr-Sen black hole.
The remaining parts of this paper are arranged as fol-
lows. In section II, we will show the four-momentum of
a particle in the Kerr-Sen spacetime using a locally non-
rotating frame (LNRF). In section III, we will calculate
the escaping probability of the massless particle from the
extreme Kerr-Sen black hole. In section IV, we will eval-
uate the escape probability of the massive particle from
the extreme Kerr-Sen black hole. In section V, we will
extend our study of the emission of the massless and mas-
sive particle from the extreme Kerr-Sen black hole to the
non-extreme Kerr-Sen black hole case. Section VI will
be employed to discuss the escape probability variation
of the particle with respect to the position of the particle
source. Section VII will be devoted to our conclusions
and discussions.
II. FOUR-MOMENTUM OF THE PARTICLE IN
THE KERR-SEN SPACETIME
The line element of the Kerr-Sen black hole is [25]
ds2 =− ∆− a
2 sin2 θ
Σ
dt2 +
Σ
∆
dr2 + Σdθ2
+
Ξ sin2 θ
Σ
dφ2 − 4Mra sin
2 θ
Σ
dtdφ,
(2)
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2where
Σ = r(r + 2c) + a2 cos2 θ,
∆ = r(r + 2c)− 2Mr + a2,
Ξ = [a2 + r(2c+ r)]2 −∆a2 sin2 θ,
c = Q2/2M.
The inner and outer horizons of the black hole are given
as
ri = M − c−
√
(M − c)2 − a2, (3)
rh = M − c+
√
(M − c)2 − a2. (4)
When |a| = |M − c|, the Kerr-Sen black hole becomes
extreme.
There are two Killing vectors, ξt ≡ δtµ and ξφ ≡ δφµ,
for the stationary Kerr-Sen black hole. Correspondingly,
the conserved quantities, namely conserved energy and
angular momentum of a particle, read
e = −gtνξtpν , (5)
l = gφνξ
φpν , (6)
where pµ is the four-momentum of the particle with mass
m. pµpµ = −m2, m = 0 for the massless particle (pho-
ton) and m > 0 for the massive particle. Not loss of
generality, by setting θ = pi/2, meaning that the particle
moves on the equatorial plane, we obtain the particle’s
four-momentum
pt =
2alMrΣ− eΞΣ
a2 (Ξ− 4M2r2)−∆Ξ , (7)
pr = σ
√
V (r), (8)
pθ = 0, (9)
pφ =
Σ
(−a2l + 2aeMr + ∆l)
∆Ξ− a2 (Ξ− 4M2r2) , (10)
where σ = ±1 correspond respectively to the particles
that move radially outwards and inwards,
V (r) =
−a2∆p2t + 4a∆Mptpφr −∆m2Σ + ∆2p2t −∆Ξp2φ
Σ2
(11)
can be viewed as the radial effective potential of the par-
ticle.
To describe the particle moving in the rotating Kerr-
Sen spacetime, we resort to an orthonormal tetrad ac-
companying with a locally non-rotating observer, namely
LNRF [3], which can be written as
e(t)µ =
(√
∆Σ
Ξ
, 0, 0, 0
)
,
e(r)µ =
(
0,
√
Σ
∆
, 0, 0
)
,
e(θ)µ = (0, 0,
√
Σ, 0),
e(φ)µ =
(
−2aMr√
ΞΣ
, 0, 0,
√
Ξ
Σ
)
.
(12)
The tetrad basis is related to the metric by the transfor-
mation
gµν = η(a)(b)e
(a)
µ e
(b)
ν , η(a)(b) = diag(−1, 1, 1, 1). (13)
Then by the translation
p(α) = e(α)µ p
µ, (14)
we can obtain the four-momentum of the particle in the
LNRF.
FIG. 1. Emission angle of the particle in the LNRF. p(a) is
the four-momentum of the particle.
III. ESCAPING PROBABILITY OF THE
MASSLESS PARTICLE FROM EXTREME
KERR-SEN BLACK HOLE AT HORIZON LIMIT
We will now evaluate the escaping probability of the
massless particle from the extreme Kerr-Sen black hole
produced by a source at rest in LNRF at the horizon
limit. The four-momentum of the massless particle in
the LNRF can be obtained as
p(t) =
eZ
(
2M(M + r) +Q2
)
+ 4lM3
(
Q2 − 2M2)
(2M(r −M) +Q2)√Z (Mr +Q2) ,
(15)
p(r) =
2σ
√
V (r)
√
Mr (Mr +Q2)
−2M2 + 2Mr +Q2 , (16)
p(θ) =0, (17)
p(φ) =
2lM
(
Mr +Q2
)√
Z (Mr +Q2)
, (18)
3where
Z =
[
4M4 − 2M3r + 2M2 (r2 − 2Q2)+ 3MQ2r +Q4]
× (2M(M + r) +Q2) .
We consider a particle source at rest in the LNRF on
the equatorial plane of the Kerr-Sen black hole at the
position r∗. We can introduce the emission angle α with
respect to the LNRF tetrad (see Fig. 1), which can be
determined by the relations among the components of
p(a) for the massless particle, as
sinα =
p(φ)√(
p(r)
)2
+
(
p(φ)
)2 = p(φ)p(t)
=
2bM
(
Mr∗ +Q2
) (
2M(r∗ −M) +Q2
)
4bM3 (Q2 − 2M2) + Z(r∗) ,
(19)
cosα =
p(r)√(
p(r)
)2
+
(
p(φ)
)2 = p(r)p(t)
=
√
ξ
√
Z(r∗)
(
2M(M − r∗)−Q2
)
√
M (4bM3 (Q2 − 2M2) + Z(r∗))
,
(20)
where
ξ =b2M
(
2M2 −Mr∗ −Q2
)
+ 2bM2
(
Q2 − 2M2)
+M
(
M − Q
2
2M
)2 [
M(2M + r∗) +Q2
]
+ r∗
(
Mr∗ +Q2
)2
,
with the impact parameter defined by b ≡ l/e.
αI
αIV
αII αIIIb
r
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FIG. 2. A schematic diagram of the impact parameter b of
the particle.
Letting V (r) = 0, we can obtain the impact parameters
b+(r) :=
Q2
2M
+M + r, (21)
b−(r) := −
2M
(
2M2 −Q2)
M(r − 2M) +Q2 −
Q2
2M
−M − r. (22)
Then we can know particles with the impact parameter
2M < b < b+(r∗) (23)
can escape from the extreme Kerr-Sen black hole to spa-
tial infinity for any sign of initial radial velocity; for the
particle with the impact parameter
be < b < 2M, (24)
with
be =
−4M
√
4M2 − 2Q2 − 6M2 +Q2
2M
(25)
the extreme point of b−(r), it cannot escape to spatial
infinity if its initial radial velocity is inward. Then ac-
cording to the schematic diagram in Fig. 2, critical angles
related to the critical impact parameters that the mass-
less particle can escape to infinity can be defined as
αI ≡ α[σ3 = −1, b = 2M ], (26)
αII ≡ α[σ3 = −1, b = b+(r∗)], (27)
αIII ≡ α[σ3 = 1, b = b+(r∗)], (28)
αIV ≡ α[σ3 = 1, b = be]. (29)
As
sinαII = sinαIII = 1
and
sinαI > 0, cosαI < 0, sinαIV < 0, cosαIV > 0,
we have
αIV < αIII = αII =
pi
2
< αI,
which indicates that the massless particle that escapes
from the extreme Kerr-Sen black hole to spatial infinity
must has an angle
α ∈ (αIV, αI). (30)
To obtain concrete values of the characterized critical
angles, we can set that the collision takes place at a near-
horizon point of the extreme Kerr-Sen black hole
r∗ =
M −Q2/(2M)
1−  ,
with 0 <  1. Then the critical angles can be directly
calculated as
αI = pi − arcsin
(
2M2 +Q2
4M2
)
+O(0), (31)
αII = αIII =
pi
2
, (32)
αIV = −

(
2M2 +Q2
)
ς
4M2 (4M3 + ς)
+O(), (33)
where
ς = 6M3 + 4
√
4M6 − 2M4Q2 −MQ2.
4When Q→ √2M , we have
αI =
pi
2
, αIV = − 
2
. (34)
The escape probability depends on the escape cone
from which the photon can escape to spatial infinity. If
viewing that the particle on the equatorial plane emit-
ted isotropically, we can calculate the escape probabil-
ity of the massless particle produced by the particle
source near the event horizon of the extreme Kerr-Sen
black hole by comparing the escape cone encircled by αi
(i = I, II, III, IV) with 2pi [24],
P ≡ αI − αIV
2pi
, (35)
which gives escape probability of the massless particle as
P =
1
2
− 1
2pi
arcsin
(
1
2
+
Q2
4M2
)
. (36)
It is evident that the escape probability of the parti-
cle decreases with the increasing electric charge of the
extreme Kerr-Sen black hole. Especially, in the limits
→ 0, Q→ √2M , the escape probability becomes
P → 1
4
, (37)
and for Q → 0, we have P → 5/12, which is just the
result of extreme Kerr black hole obtained in [24].
IV. ESCAPING PROBABILITY OF MASSIVE
PARTICLE FROM EXTREME KERR-SEN
BLACK HOLE AT HORIZON LIMIT
For convenience of calculations, we set M = m = 1 for
what follows in this passage. For the massive particle,
we can introduce the emission angle β from the particle
source with respect to the LNRF tetrad, which can be
determined by the relations among the components of
p(a) for the massive particle as
sinβ =
p(φ)√(
p(r)
)2
+
(
p(φ)
)2 , (38)
cosβ =
p(r)√(
p(r)
)2
+
(
p(φ)
)2 . (39)
V (r) = 0 gives the impact parameters
b¯+(r) =
2Q2 − 4 +√X1 (Q2 + r) (Q2 + 2r − 2) /e
2 (Q2 + r − 2) ,
(40)
b¯−(r) =
2Q2 − 4−√X1 (Q2 + r) (Q2 + 2r − 2) /e
2 (Q2 + r − 2) ,
(41)
where X1 = e2
(
Q2 + r
) − (Q2 + r − 2). Letting r → rh
for the extreme Kerr-Sen black hole, we can obtain b¯+ →
2. Denoting the extreme value of b¯− as b¯e, we can know
that for 2 < b¯ < b¯+(r∗), the massive particle can escape
from the extreme Kerr-Sen black hole to spatial infinity
irrespective of the initial sign of its radial velocity and for
b¯e < b¯ < 2, the escape can only happen for the particle
with outward initial radial velocity.
massive particle
massless particle
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.25
0.30
0.35
0.40
Q
E
sc
ap
e
P
ro
ba
bi
lit
y
FIG. 3. Escape probabilities of the massive and massless par-
ticles from the extreme Kerr-Sen black hole at the event hori-
zon limit with M = 1.
Like the massless case, the critical angles related to the
critical impact parameters that the massive particle can
escape to infinity can be defined as
βI ≡ β[σ3 = −1, b¯ = 2], (42)
βII ≡ β[σ3 = −1, b¯ = b¯+(r∗)], (43)
βIII ≡ β[σ3 = 1, b¯ = b¯+(r∗)], (44)
βIV ≡ β[σ3 = 1, b¯ = b¯e]. (45)
Setting the conserved energy of the massive particle as
e = 1 (so that the particle can escape from the black hole
just to an observer at spatial infinity) gives
sinβII = sinβIII = 1, (46)
cosβII = cosβIII = 0, (47)
which means
βII = βIII =
pi
2
. (48)
The critical compact parameter of b¯− is
b¯e =
−2
√
2−Q2 (Q2 + X2)+Q2 − 2
Q2 + X2 − 2 , (49)
where
X2 = 1
2
(
−3Q2 + 4
√
2−Q2 + 6
)
.
5TABLE I. The critical escape angle βI for a massive particle from the extreme Kerr-Sen black hole at the event horizon limit.
Q 0 0.1 0.3 0.5 0.7 0.9 1.1 1.3
√
2
sinβI 1/
√
3 0.58 0.60 0.65 0.71 0.79 0.87 0.96 1
cosβI −
√
2/3 -0.81 -0.80 -0.76 -0.70 -0.61 -0.48 -0.29 0
Then we have
sinβIV = 0, cosβIV = 1, (50)
which gives
βIV = 0. (51)
The critical angles βI can be obtained numerically and
we have listed them in Table I. The escape probability of
the massive particle in the extreme Kerr-Sen black hole
spacetime background is
P¯ =
βI − βIV
2pi
. (52)
We show the escape probability of the massive particle
together with that of the massless particle at the event
horizon limit of the extreme Kerr-Sen black hole in Fig.
3 according to Eqs. (36) and (52). From the figure,
we can see that, for both the two kinds of particles, the
escape probabilities decrease with the increasing electric
charge of the extreme Kerr-Sen black hole. This signifies
that the rotation of the black hole promotes the escape of
both the massless and massive particles. Besides, we can
see that the escape probability of the massless particle
is always greater than that of the massive particle at
the event horizon limit. The two branches intersect at
Q =
√
2 where the angular momentum of the extreme
black hole vanishes. At that point, both of the two kinds
of particles own an escaping probability 1/4.
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FIG. 4. Escape probabilities of the massive and massless par-
ticles from the non-extreme Kerr-Sen black hole at the domain
of outer communication region with K = 0.9. We choose the
position of the particle source at r∗ = 4.
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FIG. 5. Top panel: variations of the escape probabilities of
the massive particle in the domain of outer communication
region of extreme Kerr-Sen black hole with respect to the
position of the particle source. Bottom panel: variations of
the escape probabilities of the massive particle in the domain
of outer communication region of the non-extreme Kerr-Sen
black hole with respect to the position of the particle source
for K=0.9.
V. ESCAPE PROBABILITIES OF PARTICLES
FROM A SOURCE NEAR THE HORIZON OF
THE NON-EXTREME KERR-SEN BLACK HOLE
We will probe the escape probabilities of the massless
and massive particles escaping from a particle source near
the horizon of the non-extreme Kerr-Sen black hole. The
regularity condition of the non-extreme Kerr-Sen black
hole gives a+Q2/2 < 1. We now investigate the escape
probability of the massless and massive particle from the
non-extreme Kerr-Sen black hole, with a+Q2/2 = K < 1
and a > 0 (so that Q 6
√
2K). We will choose K = 0.9
for instance.
In the previous extreme cases for the massless and mas-
sive particles, the effective potential V (r) in (8) is fulfilled
at and near the event horizon. In the non-extreme case,
we should care about the demand of V (r) > 0. We will
not consider the event horizon limit as V (r) < 0 there;
instead, we will choose a position where the effective po-
tentials of the massless and massive particles are fulfilled.
It is evident that the impact parameters at the position
r∗ for the particles make their critical escape angles to
6be
αII = αIII = βII = βIII =
pi
2
. (53)
For the extreme Kerr-Sen black hole, we have βIV ∼
β¯IV ∼ 0 (even not at the event horizon limit). How-
ever, for the non-extreme Kerr-Sen black hole, this is not
the case. For K = 0.9,
−pi
2
< βIV < 0, −pi
2
< β¯IV < 0. (54)
When Q→ 0, βIV ∼ β¯IV → −pi/2.
For both of the two kinds of particles, we can obtain
the same impact parameter at the event horizon of the
non-extreme Kerr-Sen black hole as
b+ = b¯+ =
2
(
Q2 − 2K)
2
√
(K − 1) (−K +Q2 − 1) +Q2 − 2 , (55)
with which we have
pi
2
< βI < pi,
pi
2
< β¯I < pi, (56)
for K = 0.9. When Q→ √2K, βI ∼ β¯I → pi/2.
We show the escape probabilities for both of the two
kinds of particles in Fig. 4. (Note that one branch of
the impact parameters for the particle around the non-
extreme Kerr-Sen black hole at the horizon is not mini-
mal and the minimal value can be got at a radial position
beyond the horizon. We have considered this fact when
we calculate the escape probability.) We can see that the
escape probabilities increase with the increasing electric
charge of the black hole, which is qualitatively different
from the extreme Kerr-Sen black hole case.
VI. VARIATION OF ESCAPE PROBABILITY
WITH RESPECT TO POSITION OF PARTICLE
SOURCE
In the previous sections, we investigated the escape
probability of the particle from the source near the Kerr-
Sen black hole and explored the effect of the black hole
parameters on it. We will now study the escape probabil-
ity variation of the particle with respect to the position
of the particle. As seen in above, there is no qualita-
tive difference between the massless particle case and the
massive particle case, we will now choose the massive
particle case as an example to illustrate the character-
istics of the escape probability variation in terms of the
particle position.
We find that, as shown in the upper diagram of Fig.
5, outside the extreme Kerr-Sen black hole, for the mas-
sive particle, if Q < 0.82, the escape probability first
decreases and then increases with the increasing distance
apart from the horizon; or else, the escape probability
increases monotonically. The reason is that, with the in-
creasing of the electric charge of the extreme Kerr-Sen
black hole, the extreme points of the escape probabili-
ties move nearer and nearer to the event horizons; and if
Q > 0.82, the extreme points are inside the event hori-
zons. (We also find that, the massless particle case is
similar to the massive particle case, and the critical elec-
tric charge becomes Q = 0.69. We do not show the figure
of this escape probability.)
In the non-extreme Kerr-Sen black hole case, as seen in
the bottom diagram of Fig. 5, we can know that the es-
cape probabilities of the particles first decrease and then
increase monotonically with the increasing of the posi-
tion of the particle source. There is a cusp point on each
curve. This is quite different from the extreme Kerr-Sen
black hole case.
VII. CONCLUSIONS AND DISCUSSIONS
We considered the escape probabilities of the massless
and massive particles produced by a particle source which
is at rest in a LNRF on the equatorial plane of the Kerr-
Sen black hole. Supposing that the particles escape from
the black hole to spatial infinity isotropically, we found
that the escape probability of the particle decreases with
the electric charge (or increases with the angular momen-
tum) for the extreme Kerr-Sen black hole at the horizon
limit but increases with the electric charge (or decreases
with the angular momentum) for the non-extreme Kerr-
Sen black hole near the horizon. This illustrates that the
angular momentum of the Kerr-Sen black hole plays a
role in promoting (or suppressing) the escape probabil-
ity of the particle. This implies that the rapidly rotating
extreme Kerr-Sen black hole or the slowly rotating non-
extreme Kerr-Sen black hole can be easier to be observed
by a distant observer. In this regard, our results are quite
different from those in [26, 27].
We also studied the escape probability variation of the
particle with respect to the radial position of the particle
source. We found that there is a critical electric charge
for the extreme Kerr-Sen black hole, beyond which the
escape probability of the massless or massive particle in-
creases monotonically with the increasing distance apart
from the event horizon, and below which the probability
decreases first and then increases. In the non-extreme
Kerr-Sen black hole background, we found that the es-
cape probability of the particle first decreases and then
increases with the radial position of the particle source,
which is quite against common sense. The results shown
in Fig. 5 indicate a fact, that is, it can be more difficult
for a particle at a position beyond the horizon than for
a particle at a position near the horizon of the Kerr-Sen
black hole in certain conditions.
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